We study neutrino-induced charged-current π 0 production on carbon nuclei using events with fully imaged final-state proton-π 0 systems. Novel use of momentum variables enables measurements of the initial-state neutron momentum and of the final-state hadronic-system momentum balance relative to the leptonic system. Event distributions are presented for i) momenta of struck neutrons below and above the Fermi surface at 200 MeV/c, and ii) deviation of hadronic system momenta above and below the balance peak at 0 MeV/c. The measured shapes and absolute rates of these distributions show tensions with predictions from current neutrino generator models.
In high-statistics neutrino oscillation experiments [1] [2] [3] [4] [5] , the measurement precision of the fundamental properties of neutrinos is becoming limited by knowledge of neutrino-nucleus interactions [6] [7] [8] . The dynamics arising from neutrinos scattering on bound nucleons is convolved with the primary neutrino-nucleon interaction. The nuclear medium introduces deviations from freeneutron scattering that are poorly known and are leading sources of systematic uncertainty for measurements of the CP-violating phase [6, 7] . Limited knowledge of nuclear effects can lead to mis-reconstruction of the neutrino energy spectra and can compromise the evaluation of selection efficiencies for both signal and backgrounds [9] .
Among the prominent interaction modes produced when studying neutrino flavor transformation are final states containing pions [8] . Although neutrino scattering measurements of pion topologies exist, they are either on light nuclei, such as hydrogen or deuterium [10] [11] [12] [13] , or else the analyses are restricted to kinematical vari-ables with limited sensitivity to nuclear effects [14] [15] [16] [17] [18] [19] .
For future experiments such as DUNE [4] and Hyper-Kamiokande [5] to achieve their designed sensitivity it is imperative to assess the various nuclear effects involved in pion production.
In this Letter nuclear effects in carbon are evaluated by applying novel kinematic variables [20, 21] sensitive to such dynamics in neutrino-induced charged-current (CC) neutral-pion production. The primary bound-nucleon interaction producing the required hadronic final state, h, is
where X is a final-state hadronic system that may contain nucleons and π 0 s (no charged pions), which are induced by final-state interactions (FSI). FSI may lead to other neutrino-nucleon scattering processes, such as π + production on the proton, entering the final-state topology of interest. In addition to FSI, the Fermi-moving initialstate neutron may have nucleon-nucleon correlations that affect event kinematics. The nuclear medium therefore may give rise to an imbalance, δ p, between the incoming lepton's momentum and total momentum of the final state particles. By taking advantage of this imbalance in final states containing 1µ − N pM π 0 (N, M > 0) and any number of neutrons, the effects of the nuclear environment are probed using i) the reconstructed neutron momentum, p n , of the initial state, and ii) the double-transverse momentum imbalance-the momentum imbalance of the final-state hadronic system transverse to the leptonic plane-δp TT . The initial-state neutron momentum is calculated following the procedure described in [21, 22] according to
(3)
Here, the subscripts T and L stand for transverse and longitudinal components with respect to the neutrino direction. The transverse, δ p T , and longitudinal, δp L , components of the momentum imbalance are calculated using muon and hadron energies, E µ and E h , and momenta p µ and p h respectively. The longitudinal term includes the nuclear mass, m A (′) , before and after the interaction by assuming the X is the remnant nucleus, A ′ only. We have
where m n is the neutron mass. For a carbon target, the excitation energy b is +28.7 MeV [21] . The variable p n is highly useful as a probe of the nuclear medium because it separates the initial state from FSI.
The transverse component, δ p T , can be decomposed further to provide a complimentary means of probing nuclear effects [20, 23] . This is achieved using δp TTa kinematic imbalance of the final state hadronic system transverse to the neutrino direction, d ν , and muon transverse momentum, p µ T , plane [9] . The functional form is
In the absence of nuclear effects the hadronic components balance, δp TT = 0, whereas for nuclei with A > 1, nonzero contributions arise from the nuclear medium.
In the present work, the signal is defined as charged-current ν µ events on CH whose final state is 1µ − N pM π 0 (N, M > 0) with any number of neutrons and no other particles exiting the nucleus. Kinematic constraints, resulting from detector acceptance and response, are placed on the final state satisfying
where p µ is the muon momentum, p p is the leading proton momentum, and θ µ is the muon polar angle with respect to the neutrino direction. The momenta of the leading proton and π 0 are used for computation. Measurements of p n and δp TT are presented and compared with various model predictions.
The analysis uses data obtained with the MINERνA detector exposed to the NuMI low energy neutrino beam ( E ν = 3 GeV) with 3.33 × 10 20 protons on target (POT). The total neutrino flux (2.88 × 10 −8 /cm 2 /POT) is estimated according to Ref. [24] . Neutrino interactions inside a fiducial volume within MINERνA's active tracker with a mass of 5.3 tons are selected. Precise tracking is achieved inside this fiducial volume by an alternating arrangement of hexagonal plastic scintillator planes at 0 • and ±60 • to the vertical. Each plane consists of 127 triangular polystyrene (CH) strips up to 245 cm long, 1.7 cm in height and a width of 3.3 cm. The strips form a plane by alternating strips such that the cross sectional view is a regular trapezium. Located two meters downstream of MINERνA is the MINOS near detector-a magnetised muon spectrometer used to measure both the charge and momentum of muons. A detailed description of both detectors can be found in Refs [25, 26] .
Neutrino events are simulated in the detector using GENIE 2.8.4 where the initial state is modeled as a relativistic global Fermi gas (RFG) [27] . GENIE describes CC Quasielastic (QE) processes following Ref. [28] with a dipole axial mass of 0.99 GeV [29] . The production of ∆ and higher resonances used the Rein-Sehgal single pion model [30] . Non-resonant pion production and multi-pion resonance contributions are introduced with a GENIE-specific model [31] . This background component is simulated up to a hadronic invariant mass range of W < 1.7 GeV [32] [33] [34] . All resonant baryons decay isotropically in their rest frame with the exception of the ∆ ++ . Following [15] , the ∆ ++ angular isotropy is suppressed by 50% of that predicted by Rein-Seghal. Deep inelastic scattering (DIS) is incorporated into GENIE via the 2003 Bodek-Yang model [35] and hadronization is described by pythia6 [36] and models based on Koba-Nielsen-Olesen scaling [37] . GENIE's default simulation is augmented to incorporate recent developments in both theory and experimental results. An additional two-particle-two-hole interaction mode outlined by the IFIC Valencia model [38, 39] is included; the relative strength has been scaled upwards in accord with the MINERνA inclusive scattering measurement [40] . Long-range correlations are also included in quasi-elastic interactions via the random phase approximation [38] . Finally a reduction of 53% in GE-NIE's non-resonant single pion prediction is applied in accord with recent analyses of deuterium bubble chamber data [33, 34] . GENIE applies an effective model of FSI based on Ref. [41] .
The propagation of final state particles within the detector is simulated using Geant4 9.4.2 [42] . Hadron test beam data provided by a scaled down version of MINERνA are used to constrain the Geant4 simulation of protons and charged pions [25] . For both data and simulation the energy scale is calibrated using throughgoing muons. These procedures ensure that the energy deposited per plane agrees between data and simulation.
Signal-like events are selected by first requiring a single track originating from within MINERνA's tracker to match a negatively charged track identified by MINOS. This track must fulfill the kinematic constraints outlined in Eq. 7. The muon's starting position, or primary vertex, is assessed for the existence of any additional tracks. In instances where extra tracks exist the primary vertex is redetermined to account for the extra information provided by these tracks. All non-muon tracks are required to be proton-like by having their dE/dx profile compared to the simulated proton and π ± ionization profiles using a likelihood ratio. Only proton-like tracks are retained and their profiles are used to determine their momentum. The leading proton must pass the phase-space requirement from Eq. 8.
Neutral pions are identified from their dominant decay signature, π 0 → γγ, by requiring exactly two electromagnetic showers. Their direction must be consistent with originating from the primary vertex or the event is rejected. The calorimetric energy and direction of both photons are combined to reconstruct the π 0 's momentum. Any remaining charged pion background is reduced by requiring that no Michel electron-like signature exist in the candidate event. Full details of the selection can be found in [18] which used a much less restrictive event phase space but required there be one and only one π 0 in the final state. The signal purity is improved by reconstructing the invariant mass, m γγ , of the two photons using
Here E 1 and E 2 are the high and low energy photons respectively, whose opening angle is θ 12 . Signal events are required to be within 60 ≤ m γγ (MeV/c) ≤ 200 resulting in a 51.4% purity and 5.7% efficiency in this region as seen in Fig. 1 . The dominant background topologies are (in decreasing order of importance) π 0 s with charged mesons, only charged mesons, and zero meson events. A data-driven approach is used to constrain the MC background components with a set of three sidebands. One sideband utilized events below and above the m γγ range allowed to the selected sample. A second sideband used events that satisfied the signal definition except for the quality requirements for proton tracks. The third sideband used events that satisfied the signal definition but were accompanied by a Michel electron tag (indicating presence of a π + track). Events were accepted in the latter sideband sample if they did not possess a nonmuon track; if a track was present, it was required to be proton-like. The normalizations of these three backgrounds are tuned to describe the data in the sidebands. The result can be seen in Fig. 2 for the reconstructed p n and δp TT before background subtraction.
The reconstructed proton momentum resolution is improved by selecting elastically scattered and contained protons via an additional criterion that requires a large dE/dx near the track end-points [43] . As a result this re- moves ill-determined momentum estimated events whose highest-momentum protons either undergo inelastic scattering or are not contained in the tracker. This leads to a 57% increase in p p resolution albeit at the cost of a 50% reduction in statistics. The π 0 momentum reconstruction is improved via an optimization technique that incorporates MINERνA's precise tracking in its determination. Given the relationship between the known π 0 invariant mass, photon energies and angle in Eq. 9, the measured energies, E i , are recalculated by minimizing
(10) The latter term acts as a penalty for each photon and ensures that the fitted energies are within expectation of their calorimetrically measured, E ′ i , values. Note that σ m 2 π is used as an optimisation parameter whose value is chosen such that 99% of the fits successfully converge. Both σ m 2 π and each photon's energy-dependent resolution, σ(E i ), are determined from simulation. A full description can be found in Ref. [23] . This improves the π 0 momentum resolution by 10%.
Flux integrated cross sections are produced by subtracting the constrained backgrounds from each observable. D'Agostini unfolding [44] is then performed with 4 iterations. The unfolding procedure is validated by reproducing pseudodata that is produced by extreme variations of the cross section models. The efficiency correction is then made before being normalized by the product of the flux and number of target nucleons (3.12 × 10 30 ). Systematic uncertainties are evaluated for all observables following Ref. [18] . For example, p n whose statistical uncertainty spans 10-34% has systematic uncertainties arising from detector (2-8%), flux (3-8%), and GENIE cross section models (5-28%). The total uncertainty for p n at few MeV/c is approximately 22% increasing to 46% at 800 MeV/c. (See the Supplement 1 [45] and 2 [46] for full description of cross-section uncertainties.)
The measured differential cross section in p n is shown in Fig. 3 . Its prominent feature is a peak at around 0.2 GeV/c. This is qualitatively captured by the NuWro (19.02) [47] RFG model [ Fig. 3(a) ]. In this Fermi gas model, all nucleons lie below the Fermi surface; without FSI, the p n calculated from the exclusive proton-π 0 production represents neutron Fermi motion that shows a cut-off at 220 MeV/c (for illustration cf. Fig. 5 of Ref. [48] ). The non-exclusive part of the signal [1µ − N pM π 0 (N, M > 0), with N + M > 2, such as multi-π 0 production], characterized by large momentum imbalance, gives rise to p n larger than the Fermi motion, and hence the long tail in the no-FSI RFG prediction. With FSI, kinematic distortion migrates events away from the Fermi motion peak; pion absorption and charge exchange following multi-π contributions and wrong-sign (∆ ++ ) production, respectively, also add to the tail region. The resulting tail is similar in the RFG and the NuWro/GENIE (2.12.10) local Fermi-gas (LFG) predictions, all describing data within about 1-σ. However, the data, in contrast to conventional implementations of RFG and LFG that are standard in current event generators, exhibit a distinctly muted distribution be- Differential cross section in pn compared to NuWro 19.02 and GENIE 2.12.10 (with the hN FSI) with various initial-state models (a), as well as to GiBUU 2019 predictions (b). The prediction of a NuWro RFG without FSI whose maximum is 8.9 × 10 −42 cm 2 /MeV/c/nucleon is also shown. Error bars on the data include both statistical and systematic uncertainties.
low 300 MeV/c-devoid of the sharp falloff in momentum that is conventionally associated with the top of the Fermi sea. Furthermore, the LFG peak locates at around 0.15 GeV/c, 25% off compared to data. In recent measurements of p n in pionless production [49, 50] the Spectral Function (SF) approach best describes the data. However at present, while SF calculations for pion production exist [51, 52] , they are not yet implemented in generators.
Comparison is also made to GiBUU (2019) [53, 54] predictions in Fig. 3(b) . While it also describes the tail region, GiBUU underpredicts the Fermi motion peak and is skewed left with respect to the data. Nevertheless, it has the correct peak location and overall better describes the data, giving a smaller χ 2 compared to that of other generators. In GiBUU, the initial state is also modeled as LFG but in a nuclear potential [55] ; the improvement relative to NuWro and GENIE LFG might indicate the importance of using a realistic nuclear potential in pion production. Yet, other model features that decrease or enhance the exclusive proton-π 0 production will have as large an effect on the agreement as the initial state. From the decomposition of the interaction mode, it can be seen that besides the dominant resonance production (RES), the DIS has a sizeable contribution that tends to be uniform in p n . This is also the prediction of GENIE and NuWro. Quasielastic events wherein proton FSI initiates π 0 production give a negligible contribution.
The δp TT differential cross section in Fig. 4 (a) shows clear disagreement between data and NuWro/GENIE predictions. Some improvement with description of the peak region in the data is obtained with utilization of LFG in the models. Here, the data distribution peaks at zero momentum imbalance as do the RFG predictions, however the data approaches either side of the peak with slope changes that are opposite to those of the predicted distributions. Fig. 4(b) shows that GiBUU provides a better description, however this model underpredicts the event rate into bins in the vicinity of the peak.
For initial-state neutrons with negligible Fermi motion, in the case of no FSI, the proton-π 0 momenta from exclusive reactions will be balanced with respect to the lepton scattering plane, yielding δp TT = 0. Fermi motion and non-exclusive contributions then introduce eventby-event imbalance equally on both sides of the plane. Due to possible polarization effects associated with the ∆ production, the final-state π 0 could prefer one side of the scattering plane, as observed in the previous measurement [18] (see also Ref. [56] for discussion). As a result, one expects a positive-negative asymmetry in δp TT as the proton and π 0 final states experience different momentum exchange inside the nucleus during FSI. In this measurement, the measured cross-section asymmetries of each positive-negative δp TT -bin pairs [defined as (dσ + − dσ − )/(dσ + + dσ − )] are about 0.2 at 1-σ level, whereas negligible asymmetry is predicted by the generators where no polarization effect is modeled. In summary, this Letter presents the first measurement of neutrino proton-π 0 production cross section as functions of the initial-state neutron momentum, p n , and of the hadronic system momentum imbalance transverse to the leptonic plane, δp TT . Similar analysis methods were used in previous measurements of CC pionless production [49, 50] where the initial state was successfully described using Spectral Functions, an approach that has yet to be tried with CC pion production. In the present measurement, RFG and LFG models describe within 1-σ the large momentum imbalance region, p n > 300 MeV/c, that collectively come from short-range correlations, FSI distortions, non-exclusive contributions, and wrong-sign (∆ ++ ) production. The exclusive protonπ 0 production cross section on neutrons in nuclei with p n < 220 MeV/c, however, is mismodeled by generators using various Fermi gases. Further quantification of the final-state hadronic momentum configuration is made by δp TT which shows a mild asymmetry that could come from particle-dependent FSI following polarization effects associated with the ∆ production.
In the future, nuclear effects with initial-state proton momenta could be examined using proton-π ± produc-tion in CC ν µ and ν µ nucleus scattering [21] . Measurements of proton-π 0 systems as reported here could be performed in liquid argon TPC experiments such as ICARUS [57] , MicroBooNE [58, 59] , and SBND [57] , providing clarifications of neutrino-argon interactions that are needed by the DUNE neutrino oscillation program. MINERνAs medium-energy exposures allow new investigations at higher neutrino energies and with larger event samples [60] . Thus, further illumination of the physics that underwrites p n and δp TT distributions in CC pion production may be anticipated.
